Since the penetration of distributed energy resources (DERs) and energy storage systems (ESSs) into the microgrid (MG) system has increased significantly, the sudden disconnection of DERs and ESSs might affect the stability and reliability of the whole MG system. The low-voltage ride-through (LVRT) capability to maintain stable operation of the MG system should be considered. The main contribution of this study is to propose a distributed control, based on a dynamic consensus algorithm for LVRT operation of the MG system. The proposed control method is based on a hierarchical control that consists of primary and secondary layers. The primary layer is in charge of power regulation, while the secondary layer is responsible for the LVRT operation of the MG system. The droop controller is used in the primary layer to maintain power sharing among parallel-distributed generators in the MG system. The dynamic consensus algorithm is used in the secondary layer to control the accurate reactive power sharing and voltage restoration for LVRT operation. A comparison study on the proposed control method and centralized control method is presented in this study to show the effectiveness of the proposed controller. Different scenarios of communication failures are carried out to show the reliability of the proposed control method. The tested MG system and proposed controller are modeled in a MATLAB/Simulink environment to show the feasibility of the proposed control method.
Introduction
The AC microgrid (MG) system consists of inverter-based distributed generators (DGs), such as renewable energy resources and energy storage systems, which can operate in either islanded or grid-connected modes [1, 2] . Although grid-connected operation of the MG system is the most economic operation, a disturbance from the utility grid such as fault or voltage sag might have a negative impact on the MG operation [3] . DGs could be disconnected from the MG system due to the disturbance from the utility grid. An additional reconnection process is required for these DGs after the disturbance. The sudden disconnection of DGs could affect to the stability and reliability of the MG system [4, 5] . Low voltage ride through (LVRT) operation strategy of the MG system should be considered to improve the system stability and reliability [6] [7] [8] [9] .
Conventionally, external devices were installed in the MG system to improve the LVRT capability [10] [11] [12] [13] [14] . In [11] , the distribution static synchronous compensator (DSTATCOM) is used for supplying additional reactive power to compensate for the voltage drop. The dynamic voltage restorer (DVR) is also used in the MG system to improve the LVRT capability [12] . In case of using DVR, the series transformer, converter, and energy storage system are usually required. In [13] , a comparison of superconducting fault current limiter (SFCL) and DVR for LVRT improvement was presented. It was shown that the use of SFCL showed better control effects on power stabilization. In [14] , the SFLC and superconducting magnetic energy storage (SMES) were combined to improve the system voltage during disturbance. However, these LVRT strategies are costly due to the installation of additional devices.
Since the use of inverter-based DGs in MG systems has increased significantly, the controllers of such DGs could be designed properly for the LVRT operation. An improved control scheme of virtual synchronous generator (VSG) was proposed in [15] for LVRT operation of the MG system. A DG controller with smooth switching between proportional-resonance (PR) current control and VSG was used to improve the LVRT operation of the MG system [16] . The fuzzy neural network controllers were proposed in [17, 18] to control reactive power during voltage sag. However, these studies did not deal with the parallel operation of DGs during voltage sag. The accurate reactive power sharing among DGs during voltage sag was not mentioned. The DG controller with different droop gains was proposed for the islanded MG system [19] . Although reactive power sharing among parallel DGs was considered in this study, the grid-connected operation of the MG system is not considered. DGs controllers with the vector control technique based on sequence components of voltage have been proposed for LVRT operation. The positive/negative sequences current injection methods were proposed in [20, 21] to limit overcurrent during LVRT operation. However, the control strategies based on sequence components are complex since they required the extraction of the negative and positive sequences. To overcome the problem, a centralized control method for LVRT operation was proposed in [22] . The voltages at point of common coupling (PCC) and grid are measured and sent to a central controller. The control actions generated from a central controller were delivered to each DG in the MG system. This centralized control scheme has low reliability since the controllers of all DGs rely on a central controller. Communication failure could have a significant impact on the control performance of the centralized controller. In addition, the performance of reactive power sharing during voltage sag was not mentioned in this study. In order to address the problem, this study proposes a distributed control method based on a dynamic consensus algorithm for LVRT operation of the MG system. The main contributions of this study are as follows:
Energies 2018, 11, x 2 of 18 additional reactive power to compensate for the voltage drop. The dynamic voltage restorer (DVR) is also used in the MG system to improve the LVRT capability [12] . In case of using DVR, the series transformer, converter, and energy storage system are usually required. In [13] , a comparison of superconducting fault current limiter (SFCL) and DVR for LVRT improvement was presented. It was shown that the use of SFCL showed better control effects on power stabilization. In [14] , the SFLC and superconducting magnetic energy storage (SMES) were combined to improve the system voltage during disturbance. However, these LVRT strategies are costly due to the installation of additional devices.

The injected reactive power of DG during voltage sag should be proportional to the DG rating. Existing controllers for LVRT operation of the MG system focused only on the voltage restoration during voltage sag whereas the accurate reactive power sharing was not considered. This study proposes a distributed control, considering both voltage restoration and accurate reactive power sharing during voltage sag.
The reliability of the controller is an important aspect of the LVRT operation of the MG system. In the centralized control method, the reliability of the controller is significantly affected by the communication failure. The proposed controller could improve the reliability of the controller by the use of distributed control based on dynamic consensus algorithm.
The proposed control method is based on hierarchical control that consists of the primary layer with droop control for power sharing and the secondary layer with reactive power and voltage control. The dynamic consensus algorithm was used in the secondary control layer to find the average value of output reactive power and output voltage between DGs in the MG system. Reactive power required for voltage compensation during voltage sag was calculated from the secondary control layer. With the reactive and voltage control in the secondary layer, the proposed controller could maintain accurate reactive power sharing and restore the system voltage during voltage sag. A comparison study on the proposed distributed control and the centralized control in [22] is presented in this study to show the effectiveness of the proposed method. Several scenarios of communication failures were carried out to show the reliability of the proposed distributed control compared to the centralized control.
The rest of this paper is organized as follows: Section 2 discusses LVRT operation of the MG system. Section 3 presents a proposed LVRT control system with a two-level hierarchy consisting of
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The proposed control method is based on hierarchical control that consists of the primary layer with droop control for power sharing and the secondary layer with reactive power and voltage control. The dynamic consensus algorithm was used in the secondary control layer to find the average value of output reactive power and output voltage between DGs in the MG system. Reactive power required for voltage compensation during voltage sag was calculated from the secondary control layer. With the reactive and voltage control in the secondary layer, the proposed controller could maintain accurate reactive power sharing and restore the system voltage during voltage sag. A comparison study on the proposed distributed control and the centralized control in [22] is presented in this study to show the effectiveness of the proposed method. Several scenarios of communication failures were carried out to show the reliability of the proposed distributed control compared to the centralized control. The rest of this paper is organized as follows: Section 2 discusses LVRT operation of the MG system. Section 3 presents a proposed LVRT control system with a two-level hierarchy consisting of primary and secondary controllers. Section 4 presents the simulation results and comparison. Finally, the main conclusions of this study are summarized in Section 5.
LVRT Operation of Microgrid System
Voltage sag during fault has an impact on transient performance of DGs and reliability of power supply. DGs might be enforced to trip off during fault for safety operation, which results in many adverse effects on system stability and reliability. Any sudden disconnection of DG or MG from utility grid should be avoided. Thus, the development of MG system should consider LVRT capability to improve their stability and reliability. To meet the requirement of LVRT, DGs should inject reactive power to improve the grid voltage during voltage sag.
For example, it was recommended in [23] that if the system voltage drops to no less than 0.3 pu for 0.5 s, and then if it gradually recovers to 90% of nominal grid voltage (V g ) within at most 1.5 s, that is, it stays above the red curve in Figure 1 , then the DG should stay connected. DGs were allowed to disconnect if the grid voltage falls below the red curve. Otherwise, DGs should supply a certain amount of reactive power, as shown in Figure 2 . If the grid voltage dropped to 20%, a 1% drop of the grid voltage required at least a k% increase of reactive power, where k is the slope constant. The slope constant k could be adjusted to determine the required reactive power according to the drop voltage, which depended on the grid codes of each country. For example, the slope constant k in Australia is 4, whereas it is 2 in Denmark and Germany [24] . In the MG system, it is recommended that the slope constant k should be greater than 6 [25] [26] [27] . If the grid voltage drops to higher than 50%, DGs should supply maximum reactive power (Q max ) and DGs should be disconnected if the reduction of grid voltage is higher than 70%. primary and secondary controllers. Section 4 presents the simulation results and comparison. Finally, the main conclusions of this study are summarized in Section 5.
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For example, it was recommended in [23] that if the system voltage drops to no less than 0.3 pu for 0.5 s, and then if it gradually recovers to 90% of nominal grid voltage (Vg) within at most 1.5 s, that is, it stays above the red curve in Figure 1 , then the DG should stay connected. DGs were allowed to disconnect if the grid voltage falls below the red curve. Otherwise, DGs should supply a certain amount of reactive power, as shown in Figure 2 . If the grid voltage dropped to 20%, a 1% drop of the grid voltage required at least a k% increase of reactive power, where k is the slope constant. The slope constant k could be adjusted to determine the required reactive power according to the drop voltage, which depended on the grid codes of each country. For example, the slope constant k in Australia is 4, whereas it is 2 in Denmark and Germany [24] . In the MG system, it is recommended that the slope constant k should be greater than 6 [25] [26] [27] . If the grid voltage drops to higher than 50%, DGs should supply maximum reactive power (Qmax) and DGs should be disconnected if the reduction of grid voltage is higher than 70%. 
Proposed Control Strategy
It was shown in Section 2 that DG should inject reactive power to recover system voltage during a voltage sag. In this paper, a distributed control of DG for LVRT operation of the MG system is proposed. An overall control diagram of DG is shown in Figure 3 , which is based on hierarchical control scheme with primary and secondary layers. The primary control is in charge of power regulation while the secondary control is responsible for the voltage restoration. The droop control was used in the primary control layer to maintain power sharing among DGs. The dynamic consensus algorithm was used in the secondary control layer to control reactive power and system voltage.
In the proposed controller shown in Figure 3 , voltage and current measurements (v c and i o ) were used to calculate the active and reactive power for the power control loop. The active and reactive power references (P ref and Q ref ) were used for the droop controller in the primary control loop. The secondary control loop uses the average value of voltage and reactive power (V avg and Q avg ) to calculate the required reactive power (Q adj ) to recover the grid voltage during disturbance. An output filter with an inductor (L f ) and capacitor (C f ) was used in the converter. 
In the proposed controller shown in Figure 3 , voltage and current measurements (vc and io) were used to calculate the active and reactive power for the power control loop. The active and reactive power references (Pref and Qref) were used for the droop controller in the primary control loop. The secondary control loop uses the average value of voltage and reactive power (Vavg and Qavg) to calculate the required reactive power (Qadj) to recover the grid voltage during disturbance. An output filter with an inductor (Lf) and capacitor (Cf) was used in the converter. 
Primary Control
The voltage-source-converter (VSC) with the current control mode was used in this study. The VSC controller is implemented in rotating dq reference frames with the proportional-integral (PI) control technique. The primary control layer consists of power and current control loops. The active power/frequency and reactive power/voltage droop control were used to maintain active and reactive power sharing among parallel DGs. The control diagram of the power and current control loops is shown in Figure 4 .
The current control loop was based on the decoupling control method, in which the current references ( * and * ) were generated from the power control loop, as shown in Equations (1) and (2):
where and represent the proportional and integral coefficient of power control; P and Q are the measured active and reactive powers, respectively; fref and Vref represent the reference frequency 
The current control loop was based on the decoupling control method, in which the current references (I * d and I * q ) were generated from the power control loop, as shown in Equations (1) and (2):
where k P p and k P i represent the proportional and integral coefficient of power control; P and Q are the measured active and reactive powers, respectively; f ref 
and voltage, respectively; f and V are the measured frequency and voltage, respectively; k w and k v represent the frequency and voltage droop coefficients, respectively.
The reference currents are sent to the current loop to generate the reference voltage (U d , U q ), as shown in Equations (3) and (4):
where k c p and k c i represent the proportional and integral gains of current control loop; V d and V q are the dq components of the measured voltage; I d and I q are the dq components of the measured current; ω is the measured angular frequency of the MG system. 
where and represent the proportional and integral gains of current control loop; Vd and Vq are the dq components of the measured voltage; Id and Iq are the dq components of the measured current;
 is the measured angular frequency of the MG system. 
Secondary LVRT Control
The dynamic consensus algorithm was used in the secondary control layer to achieve accurate reactive power sharing and voltage restoration during voltage sag. The control diagram of the secondary control layer is shown in Figure 5 . The communication network was used to exchange information among DGs. The dynamic consensus algorithm was used to find the average values of reactive power and voltage among DGs. The PI regulators were used to control reactive power and voltage with the references obtained from the dynamic consensus algorithm. 
The dynamic consensus algorithm was used in the secondary control layer to achieve accurate reactive power sharing and voltage restoration during voltage sag. The control diagram of the secondary control layer is shown in Figure 5 . The communication network was used to exchange information among DGs. The dynamic consensus algorithm was used to find the average values of reactive power and voltage among DGs. The PI regulators were used to control reactive power and voltage with the references obtained from the dynamic consensus algorithm. In Figure 5 , Q C and Q L are the reactive power injections from the consensus algorithm and the requirement of voltage support. The reactive power Q L was determined according to the requirements of voltage support graph in Figure 2 ; it can be expressed as follows:
where V g0 and V g are grid voltages before and after sag, respectively, and Q max is the converter maximum power capacity. The injected reactive power Q L was calculated by Equation (5) . When the grid voltage (V g ) dropped to higher than 0.5 pu, the maximum reactive power Q max was injected to compensate for voltage drop. If the grid voltage V g was in the dead band (from 0.8 pu to 1.1 pu), the injected reactive power Q L was equal zero. Otherwise, reactive power Q L was determined by the multiply of k gain and the drop voltage [25] [26] [27] .
The reactive power Q C was used to maintain accurate reactive power sharing and restore system voltage, which was calculated by the dynamic consensus algorithm. The consensus algorithm was used to compute the average values of reactive power and voltage among DGs. Each DG can be considered as one node in the communication network. Each node carries out its updates at each step based on local state and communication with the neighbors [28] . Network topology of DG is represented using undirected connected graph G = (N, ε) with nodes set N = {1, 2, . . . , n} and edge ε. The neighbors of i-DG are denoted by N i = {j ∈ N|{i, j} ∈ ε}. The linear iterative algorithm for updating information in all n DG is as follows:
where t is the discrete time index; x i is information to be exchanged with each DG i such as Q i and V i ; x j is the information of the adjacent nodes; j is the index of adjacent DG of node i; ω ij is weight of consensus algorithm; N i is the set of nodes that connects to node i; n is the total number of nodes. The weight matrix depends on the network topology. In this study, the ring connection was used for communication network and the design of the weight matrix was based on the metropolis method. It is suitable for distributed control by flexibly responding to system changes [29] . The design of the weighting matrix is based on metropolis method, as given by (7):
, otherwise (7) where l ii and l jj is the elements of the Laplacian matrix L.
Final output of consensus algorithm is found by repeating the calculation of Equation (6) with t = ∞, as shown in (8):
The metropolis method requires the degree of the i and j DG when the weight matrix updates. Since the weight matrix was recalculated according to the change of network topology, it can be continuously controlled, even if communication between DG fails. Therefore, in the secondary controller, the injected reactive power was generated through PI controller by receiving the average voltage and reactive power from the communication block. The injected reactive power Q C is given by: Required reactive power Q adj shown in (10) consists of two terms: compensated reactive power for accurate reactive power sharing (Q C ) and required reactive power to compensate for the voltage sag. As a result, the proposed controller can restore the system voltage while maintaining accurate reactive power sharing during voltage sag.
Simulation Results
The tested MG system shown in Figure 6 was used to validate the proposed controller. Four DGs based on the current source inverter supply power to the local load. The droop controller was used in the primary control level to share power among four DGs. The secondary controller was based on proposed distributed control for LVRT operation of the MG system. Network communication with ring topology is used in this study. The Laplacian matrix of communication network is as follows:
Substituting Laplacian matrix from Equation (11) in Equations (7), the weighting matrix can be determined as follows:
The communication rate was considered as 5 ms, which was modeled by a block of "zero-order hold" in Simulink. Popular communication protocol such as transmission control protocol/internet protocol (TCP/IP) could be used for the proposed controller. Since this study mainly focuses on the control algorithm for the LVRT operation of the MG system, detailed modeling of communication protocol of the secondary controller was neglected for the sake of simplicity.
The system parameters are shown in Table 1 . The tested MG system and proposed controller was modeled in a MATLAB/Simulink (R2011b, MathWorks, Natick, MA, USA) environment. The consensus algorithm shown in Algorithm 1 was implemented by the user-defined function in MATLAB/Simulink. In order to verify the proposed distributed LVRT method, three cases considering communication failure were studied. 
LVRT Operation of the MG System
This section shows the effect of the proposed control on the LVRT operation of the MG system. A comparison study on the proposed controller and the centralized control in [20] is presented. In case of a centralized controller, a central controller measures the voltage at point of common coupling (PCC) then the control actions are delivered to each DG. It is assumed that the voltage sag with 30% drop occurs from 3 s to 4 s due to the sudden inductive load change in the utility grid. Figure 7 shows the output voltage of four DGs during voltage sag. Without the LVRT function shown in Figure 7a , the output voltages of DGs dropped to 0.7 pu during the grid voltage sag. With the LVRT function, the reactive power was injected by four DGs to compensate for the voltage drop, as shown in Figure 8 . The system voltage recovered to the nominal values with the LVRT function, as shown in Figure 7b ,c. The terminal voltage of each DG was the same due to the controllers. In the centralized control method, the output voltage of each DG was controlled to follow the PCC voltage. By comparison, in the proposed controller, the output DG voltage was controlled to follow the average voltage of all DGs. It can be seen that for both proposed control and centralized control, the reactive power was injected to recover the system voltage. However, while the injected reactive power of four DGs was slight different with the centralized control, the proposed control could maintain equal reactive power sharing among four DGs. Figure 9 shows the output currents of four DGs. In case of proposed control, the rising current due to reactive power injection was less than twice the rated current. However, with the centralized controller, the injected current during voltage sag was twice as high compared to rated current. Figure 10 shows the active power output of four DGs. It can be observed that the active power outputs of the four DGs were shared equally, even though the voltage sag occurs. 11 of 18 Figure 9 shows the output currents of four DGs. In case of proposed control, the rising current due to reactive power injection was less than twice the rated current. However, with the centralized controller, the injected current during voltage sag was twice as high compared to rated current. Figure 10 shows the active power output of four DGs. It can be observed that the active power outputs of the four DGs were shared equally, even though the voltage sag occurs. 
By comparison
, in the proposed controller, the output DG voltage was controlled to follow the average voltage of all DGs. It can be seen that for both proposed control and centralized control, the reactive power was injected to recover the system voltage. However, while the injected reactive power of four DGs was slight different with the centralized control, the proposed control could maintain equal reactive power sharing among four DGs.
Communication Failure from DG
In this section, the effectiveness of the distributed control over the centralized control is presented. It is assumed that the communication link between the centralized controller and the DG1 failed in the centralized control method. With the proposed controller, the communication link between DG1 and DG2 was assumed to have failed. The communication topology of the proposed method has been 
In this section, the effectiveness of the distributed control over the centralized control is presented. It is assumed that the communication link between the centralized controller and the DG1 failed in the centralized control method. With the proposed controller, the communication link between DG1 and DG2 was assumed to have failed. The communication topology of the proposed method has been changed from the ring topology to the line topology. The dynamic consensus algorithm was adjusted according to the communication topology of the proposed method. The three-phase grid voltage sag started from 3 s to 4 s; the communication failed at 3.5 s. Figure 11 shows the output voltage of four DGs in case of centralized and proposed methods. Compared to the proposed control method, it can be seen that the communication failure had a significant impact to the centralized controller. The control signal from the central controller cannot deliver to DG2, which causes the transient in the output voltage of four DGs, as shown in Figure 11a . By comparison, with the proposed method based on distributed control in Figure 11b , the dynamic consensus algorithm was adjusted accordingly to find the agreement between four DGs even though the communication between DG1 and DG2 was disconnected. Figure 12 shows the reactive power sharing among four DGs during the voltage sag. In case of centralized controller, when the communication failure occurs, the reactive power output of DG2 reduces significantly while the reactive power output of other DGs increases. It can be seen the inaccurate reactive power sharing among four DGs when the centralized controller was used for the LVRT operation. The problem of inaccurate reactive power sharing is solved by using the proposed method. Although the communication failure between two DGs occurs, four DGs share reactive power equally. Figure 13 shows the output current of four DGs with the centralized and proposed control methods. In case of centralized control, the reduction of output current in DG2 results in the increase of output current of other DGs, which might cause the stress on the power semiconductor. By comparison, the proposed control still maintains output current of four DGs equally, as shown in Figure 13b . Figure 14 shows the active power sharing among four DGs. It can be seen that the proposed method showed a superior performance compared to the centralized control. Figure 13 shows the output current of four DGs with the centralized and proposed control methods. In case of centralized control, the reduction of output current in DG2 results in the increase of output current of other DGs, which might cause the stress on the power semiconductor. By comparison, the proposed control still maintains output current of four DGs equally, as shown in Figure 13b . Figure 14 shows the active power sharing among four DGs. It can be seen that the proposed method showed a superior performance compared to the centralized control. 
Communication Failure from the PCC Voltage Measurement
For LVRT operation of the centralized method, the PCC voltage was measured and used for generating reactive power. Therefore, communication failure from the PCC voltage measurement has a negative impact on control performance of the MG system. This section examines the effect of communication failure from the PCC voltage measurement on the control performance of proposed method and centralized method. The three-phase grid voltage sag started from 3 s to 4 s and the communication failed at 3.5 s at the PCC stage. Figure 15 shows the comparison of output voltage of four DGs with proposed method and centralized method. It can be observed that the communication failure from the PCC voltage measurement had a significant impact on the control performance of the centralized method. Four Figure 17 shows the output currents of four DGs and Figure 18 shows the output active power of four DGs. With the centralized method, the output current and power of four DGs were reduced. However, the proposed method can maintain output power and current of four DGs. It can be observed that the proposed control method showed a superior performance over the centralized control method.
Energies 2018, 11, x 16 of 18 Figure 17 shows the output currents of four DGs and Figure 18 shows the output active power of four DGs. With the centralized method, the output current and power of four DGs were reduced. However, the proposed method can maintain output power and current of four DGs. It can be observed that the proposed control method showed a superior performance over the centralized control method. 
Conclusions
This paper proposed a distributed control of DG based on dynamic consensus algorithm to improve the LVRT capability of the MG system. The proposed control method was based on a hierarchical control that consisted of a primary layer with droop control and a secondary layer with 
This paper proposed a distributed control of DG based on dynamic consensus algorithm to improve the LVRT capability of the MG system. The proposed control method was based on a hierarchical control that consisted of a primary layer with droop control and a secondary layer with the LVRT function. Based on the dynamic consensus algorithm, the secondary controller calculated the injected reactive power to recover the output DG voltage during voltage sag while maintaining the accurate reactive power sharing. A comparison study on the proposed control method and the centralized method was presented in this study to show the effectiveness of the proposed control. In the centralized method, the main function of the centralized controller was to recover the terminal voltage of each DG according to the PCC voltage. Thus, although the reactive power sharing among DGs was equal in normal operation, it was not equal when the system voltage was restored during the voltage sag. The problem was improved by using the proposed control method that could restore the system voltage to the nominal value and maintain accurate reactive power sharing. The simulation results showed that the communication failures had a significant impact on the LVRT operation of the MG system with the centralized method. DG with the loss of communication link could not support the reactive power to recover the voltage during the voltage sag. Especially in the case of communication failure from the PCC voltage measurement, all DGs failed to recover the terminal voltage of each DG during voltage sag. With the proposed method based on distributed control, the communication failures had a slight impact on the LVRT operation of the MG system. Although the communication failures occur in either the DG side or PCC, all DGs maintained stable reactive power support to recover the terminal voltage of each DG during voltage sag. The reliability of the control system with the proposed distributed control for LVRT operation was improved. It was observed that the proposed distributed control method showed better performance than the centralized method through several case studies. 
